The purpose of this study was to improve the properties of epoxy resin using titanium oxide nanoparticles. The effects of particle weight fraction, dispersion agent, and curing agents with different molecular weights on the thermal and mechanical properties of titanium-oxide-reinforced epoxy resin were investigated. In addition, the effect of the particle dispersion condition on the mechanical properties of nanocomposites was studied.
Introduction
Polymer/inorganic composites have been widely studied as an important source of advanced materials. Polymeric materials are often reinforced by stiff fillers to improve their mechanical properties. The efficiency of the reinforcement depends on the aspect ratio and mechanical properties of the filler, as well as the adhesion between the matrix and the filler.
Over the past several decades, many researchers have focused on polymer nanocomposites because of the potential applicability of the unique properties of these materials in nanosized systems [1] [2] [3] [4] [5] [6] . Nanocomposites show much better mechanical properties than similar microsized systems. Because of their very small size, nanoparticles have a high surface-to-volume ratio and provide high-energy surfaces. A desirable result of embedding nanoparticles into a polymer matrix is the enhanced bonding between the polymer matrix and the nanoparticles, resulting from the nanoparticles' high interfacial energy. Classical composite theory predicts that good bonding between the polymer matrix and the reinforcing filler leads to improved mechanical properties. For all particle sizes, the composite modulus increases monotonically with the weight fraction of the particles.
However, the strengths of nanocomposites filled with a high weight fraction of particles could be less than the strength of neat resin because of large particle clusters caused by aggregation or agglomeration [7] . One major problem with nanocomposites is the uniform dispersion of nanoparticles in the organic matrix, avoiding macroscopic phase separation. These nanoparticles in the matrix could cause defects and reduce the superior mechanical properties of the nanoparticles in the composites.
The uniform dispersion of nanoparticles in a polymer, with no particle clusters from aggregation and agglomeration, is the most important point in the processing of nanocomposites.
There are various possible methods to prevent aggregation and agglomeration and cause a uniform dispersion. The ordinary ones involve mechanical mixing, ultrasonic vibration, surface treatments, and dispersion agents. If nanoparticles are well dispersed in a polymer, they offer a larger specific surface area compared to the usual fillers, Thus, the potential of these systems is the enhancement of the interfacial interactions between the matrix and the particles, leading to an improvement in the properties of the material [8] .
Some authors have reported that a large improvement in the mechanical properties can be achieved at a very low particle content such as 1-5 wt% [9] . In particular, several authors proved that ceramic and silica nanoparticles could be used to effectively reinforce bulk polymers [9, 10] .
The enhancement of properties is often seen at particular particle fraction. Many researchers have discovered that the properties decline very sharply as the fraction of particles in a nanocomposite increases above a specific level [11] [12] [13] [14] . Therefore, it is necessary to add the particles up to that specific fraction level. Epoxy resin is a widely used polymer matrix for advanced composites because of its good stiffness, dimensional stability and chemical resistance. Moreover, it is widely used in the industry because of its easy production, light weight, high adhesive property, and so on. The thermal and mechanical properties of epoxy resins are highly dependent on the cross-linked three-dimensional microstructure formed during the curing process.
The purpose of this study was to improve the properties of an epoxy resin using titanium oxide nanoparticles. Therefore, the effects of the particle weight fraction, dispersion agent, and curing agents with different molecular weights on the thermal and mechanical properties of a titanium oxidereinforced epoxy resin were investigated. In addition, the effect of the particle dispersion condition on the mechanical properties of nanocomposites has been studied.
Experimental

Materials and sample preparation
The following materials were in this study. The titanium dioxide (TiO 2 ) nanoparticles used were P25 (Evonik Degussa Co.), which had a size of approximately 20 nm according to the manufacturer. There was no surface treatment for the particles. The epoxy resin used was the diglycidyl ether of bisphenol A (DGEBA, Epon 828, Hexion Co.). Three kinds of aliphatic amine curing agents were used to prepare the epoxy matrices: two types of polyoxypropylene diamine (Jeffamine D230, D400) with different molecular weights and polyoxypropylene triamine (Jeffamine T403). The D230 and D400 had average molecular weights of 230 and 400, respectively, and T403 had an average molecular weight of 440. Three kinds of Jeffamine were obtained from Huntsman Corporation, TX, USA, and the dispersion agent was disper180 (Byk Co.).
The film-and dog-bone-shaped samples for the experimental tests of the nanoparticle unfilled and filled composites were prepared using the following procedures. First, two silicone molds with eight dog-bone-shaped cavities and two Teflon plates (100 × 150 × 10 mm) were preheated in an oven at 67 o C. The liquid epoxy resin was heated for about 1 h at 67 o C to lower the viscosity, and then degassed for 30 min in a vacuum oven at 67 o C. Nanoparticles were measured using a balance (Metter Co., 0.01 mg) and added at 1 wt% and 3 wt%, respectively. They were then mixed for 30 min using a dispermat (Byk-Gardner) at 2000 rpm. After this, the mixture was degassed for 1.5 h in a vacuum oven at 67 o C, and the curing agent was added and mixed by hand for 3.0 min using a wooden stick. The mixture was separated into two 100-cc plastics beakers. One beaker was used for the dogbone-shaped mold and the other one was used for film forming. The liquid mixture in the beakers was again degassed for 20 min in a vacuum oven at 67 o C. Afterward, the liquid mixture in one beaker was poured into the preheated dog-bone-shaped silicone mold on the preheated Teflon plate. The other mixture was held in the oven at 67 o C until it reached the appropriate viscosity to form a film. This waiting time varied with the curing agent, e.g., in the case of the unfilled ones, for D230, D400, and T403, the samples were held in oven at 67 o C for 30, 70, 35 min after being mixing with the curing agent. In the case of the filled particles, slightly longer times were required compared to the unfilled samples. The waiting times differed slightly with the weight fraction of the filled nanoparticles and the amount of the mixture. Finally, films were formed on the release paper on the vacuum plate using the drawdown technique. The formed films were cured at room temperature overnight, and then post-cured at 80 o C for 2 h and 125 o C for 3 h for a full cure in a forced air circulating oven (Blue M, General Signal Co.). The samples were allowed to cool to room temperature in the oven before removal. The thicknesses of the formed films and dog-bone samples were approximately 90 µm and 2.0 mm, respectively.
Dynamic mechanical thermal analysis (DMTA)
The storage modulus (E'), loss modulus (E''), and glass transition temperature (T g ) of the films were measured using a dynamic mechanical analyzer (TA Instrument, RSA III). Rectangular samples (30 mm × 4 mm) were cut from the films using a clean razor blade. The gauge length of a sample was 15 mm. The samples were tested from -130 o C to 130 o C using a strain of 0.01, frequency of 1 Hz, and temperature ramp of 3 o C min -1 . The T g was determined from the peak position in tan δ (defined as E''/ E'). The storage modulus at -50 o C is reported. The reported values for T g and E' were the averages from the four samples. Tensile tests of the films were performed using a dynamic mechanical analyzer in tensile test mode (TA Instrument, RSA III) in accordance with the ASTM D638-08 test standard. The samples were 63.5 mm long, 9.53 mm wide all over, and 3.18 mm wide in the narrow section. The strain was measured using grip separation. The apparent Young's modulus was determined from the slope of the linear portion of the engineering stress vs. engineering strain curve. All of the tensile test specimens were conducted at a constant cross head speed of 1.0 mm/min and a gauge length of 15 mm. The modulus and tensile strength were averaged from 7 samples.
Tensile Tests
Before the testing, the upper side of a dog-boneshaped sample was polished to make a flat surface, and the edges of the sample were polished using sand paper with a mesh of #1200. The tensile tests of the dog-bone-shaped samples were carried out using a tensile tester (Instron Co.) with a 1-KN load cell. The cross-head speed was 1.0 mm/min, with a gauge length of about 15 mm. The strain was measured using a video strain measurement meter. The samples were 60.92 mm long, 10.65 mm wide all over, and 4.0 mm wide in the narrow section. The reported modulus and tensile strength were averaged from 10 samples.
Microscope observation
An optical microscope was used to observe the nanoparticle dispersions in the films. A cover glass and oil with a refraction index of approximately 1.50 were used to improve the image clarity. The refraction index of the oil was almost the same as that of the matrix resin used in this study. The oil flowed to fill the entire contact area between the film and the cover glass. A laser scanning confocal microscope (LSCM, Zeiss model LSM510) was also used to observe the nanoparticle dispersions on the surfaces and subsurfaces of the films and dog-bone-shaped samples. The laser wavelength used in this study was 543 nm. The LSCM images presented in this paper are two-dimensional (2D) intensity projections and a single depth-profile image at a particular z-depth (depth-profile image). The 2D LSCM image is formed by summing stacks of images in the z direction; (512 pixelⅹ512 pixel) of the film-shaped and dog-bone-shaped samples. The pixel intensity level represents the total amount of back-scattered light. Darker areas represent regions that scattered less light than lighter the colored areas.
Results and discussion
Dynamic mechanical thermal analysis (DMTA)
The results of DMTA tests of the pure epoxy and TiO 2 /epoxy nanocomposites are shown in Figs. 1−4 .
Figs. 1 shows the relationships between tan δ and the temperature of the film-shaped pure epoxy and the nanocomposites. These were cured by Jeffamine D230, and nanoparticles were added at 1 wt% (with or without dispersant Byk180), and 3 wt%. In this study, the peak temperature of the tan δ is applied to define the glass transition temperature (T g ) and the values are given in Table 1 . As shown in Table 1 , T g decreased with an increase in the nanoparticle weight fraction. It can be explained that the nanoparticles prevented the cross linkage between the epoxy resin and the amine curing agent, which induced a lower epoxy cross-link density in the nanocomposites compared to the pure epoxy. It was reported that nanoparticles can significantly alter the thermal and mechanical properties of a polymer close to the particle surface because of changes in the polymer chain mobility [7, [15] [16] . When 1 wt% nanoparticles were added, the T g of the sample with dispersant Byk180 was lower than the one with no dispersant. This very clearly showed the dispersant effect. That is, the dispersion status of the sample with dispersant was better than the one with no dispersant, as can be seen in Fig. 18 . Fig. 2 presents the storage modulus versus temperature of the film-shaped pure epoxy and nanocomposites. These were cured using Jeffamine D230, and nanoparticles were added at 1 wt% (with or without dispersant Byk180) and 3 wt%. In this figure, the storage modulus in the glassy region was slightly higher than that of the pure epoxy. However, around T g , the values were the opposite. Fig. 3 reveals the relationships between tan δ and the temperature of the film-shaped pure epoxy and nanocomposites, which were cured using Jeffamine D400. In this figure, the T g of the nanocomposites is lower than that of pure epoxy. Fig. 4 shows the tan δ according to the temperature of the film-shaped pure epoxy and nanocomposites, which were cured using Jeffamine T403. In this figure, the T g of the nanocomposites is lower than that of the pure epoxy.
In Figs. 3, and 4, although curing agents with high molecular weights were used, the T g values of the nanocomposites are lower than that of the pure epoxy, as shown in Fig. 1 . Therefore, it is considered that the nanoparticles added to the epoxy resin obstructed the cross-linkage between the epoxy resin and the amine curing agent, which could eventually affect the T g of the nanocomposites, regardless of the molecular weight of the curing agent.
Tensile tests
Film-shaped and dog-bone-shaped samples were used in the tensile tests, and the results for the filmshaped samples are shown in Figs. 5−8. 5 presents the tensile strengths of the filmshaped pure epoxy and nanocomposites. Both were cured by Jeffamine D230, and the nanoparticles were added at 1 wt% (with or without dispersant Byk180) and 3 wt% with dispersant Byk 180. As seen in this figure, the tensile strengths of the nanocomposites were higher than that of the pure epoxy, and the tensile strength increased with nanoparticle content. The tensile strength of the 1wt% filled nanocomposites with dispersant Byk 180 was higher than the one with no dispersant. It was found that the use of Byk180 as a dispersant was very effective at improving the dispersion of the TiO 2 nanoparticles in the epoxy resin. Fig. 6 shows the tensile moduli of the film-shaped pure epoxy and nanocomposites, both of which were cured using Jeffamine D230, and nanoparticles were added at 1 wt% (with or without dispersant Byk180) and 3 wt%. As seen in this figure, the tensile moduli of the nanocomposites were higher than that of the pure epoxy, and the tensile modulus increased with the nanoparticle content. The tensile modulus of the 1 wt% filled nanocomposites with dispersant Byk180 was higher than the one with no dispersant. This is consistent with the trend for the tensile strength. This probably occurred because the better dispersion of the nanoparticles in the nanocomposites could improve the tensile properties. Fig. 7 reveals the tensile strengths of the filmshaped pure epoxy and nanocomposites, which were cured using Jeffamine D230, D400, and T403, and all of the nanocomposites were filled with 1 wt% Byk180.
Only the tensile strength of the nanocomposites cured using Jeffamine D230 was higher than that of the pure epoxy, while the others were not. However, in the case of the tensile moduli even with the same sample, the values for the nanocomposites were higher than those of the pure epoxy, as shown in Fig. 8 .
The results of the tensile tests in dog-bone-shaped samples are shown in Figs. 9−12. Fig. 9 shows the tensile strength of the dog-boneshaped pure epoxy and nanocomposites. These were cured using Jeffamine D230, and the nanocomposites were filled with dispersant Byk180 at 1 wt% and 3 wt%. As seen in this figure, the tensile strengths of all the nanocomposites were slightly lower than that of the pure epoxy. The tensile strengths of 1 wt% and 3 wt% filled nanocomposites with dispersant Byk180 were slightly higher than that of the 1 wt% nanocomposites with no dispersant. Fig. 10 shows the tensile moduli of the dog-boneshaped pure epoxy and nanocomposites. These were cured using Jeffamine D230, and the nanocomposites were filled with dispersant Byk180 at 1 wt% and 3 wt%. As shown in this figure, the tensile moduli of all the nanocomposites were higher than that of the pure epoxy, but the tensile modulus did not increase with the nanoparticle content like the film-shaped samples, as can be seen in Fig. 6 . Fig. 11 reveals the tensile strengths of the dogbone-shaped pure epoxy and nanocomposites, which were cured using Jeffamine D230, D400, and T403, while all the nanocomposites were filled with 1 wt% and Byk180.
The tensile strengths of all the dog-bone-shaped nanocomposites were lower than those of the pure epoxy. However, in the case of the tensile moduli even with the same sample, the values of the nanocomposites were higher than those of the pure epoxy, as shown in Fig. 12. In Figs. 5, 6 , 9, and 10, there are significantly different results between the film-shaped and dog-bone-shaped samples. In the film-shaped samples, the tensile strengths of the nanocomposites were higher than that of the pure epoxy, and the tensile strength increased with the nanoparticle content. The tensile moduli of the nanocomposites were higher than that of the pure epoxy and increased with increasing nanoparticle content.
In the dog-bone-shaped samples, the tensile strengths of all the nanocomposites were lower than that of the pure epoxy.
The tensile moduli of the nanocomposites were higher than that of the pure epoxy, but they did not increase with the nanoparticle content like the filmshaped nanocomposites. This was presumably a result of the non-uniform dispersion condition of the nanoparticles in the epoxy resulting from the different dimensions of the film-and dog-boneshaped samples, as can be seen in Fig. 20 . As described in the experimental section, the thicknesses of the film and dog-bone samples were approximately 90 µm and 2.0 mm, respectively.
Microscope observations
The overall degree of dispersion could be determined using the optical microscope. Fig. 13 shows optical microscope photos of the upper sides of the film-shaped samples that were cured using Jeffamine D230, and nanocomposites were filled with 1 wt% (a), and 1 wt% and 3 wt% with dispersant Byk180 (b, c). As can be seen in this figure, the macroscopic dispersions of all the samples were almost uniform, but the microscopic dispersions were non-uniform. Comparing (a) with (b), in spite of using the same weight fraction of TiO 2 , the cluster sizes and numbers are different. The dispersion status of the nanoparticles in the sample with dispersant was better than that of the sample with no dispersant. There were large particle clusters of about 10~20 μm. In the case of (c), there were larger clusters than (b).
Fig. 14 presents optical microscope photos of a film-shaped sample that was cured using Jeffamine D230 and filled with 3 wt% Byk180. Those photos show the dispersion status of the nanoparticles on the upper side and bottom side surface of the filmshaped sample. As can be seen in this figure, large big clusters were formed to a greater degree on the bottom side (b) than the upper side (a) of the film. This shows to difference in the degrees of dispersion between the upper side and bottom side of the film-shaped nanocomposites. Fig. 15 shows nanoparticle dispersion photos of the 4-μm subsurface obtained using laser scanning confocal microscope. It shows the dispersion status of the upper side and bottom side layer of the dogbone-shaped sample, which was cured using Jaffamine D230 and filled with 3wt% Byk180. These images show the dispersion of the nanoparticle clusters in the subsurface layers of the nanocomposites. Larger particle clusters were observed on the bottom side of the dog-bone-shaped sample than the upper side of the sample. This was supposed to be the reason for the different values caused by the different dimensions between the film and dogbone-shaped samples in the tensile tests as shown in Figs. 9−12.
In Figs. 14 and 15, the dispersion situation of the nanoparticles in the film-shaped sample with 3 wt% Byk180 was better than that of the dog-boneshaped sample, and the dispersion situations of the nanoparticles between the upper and bottom sides of the film-shaped sample were slightly different, while the dispersion situations of the nanoparticles between the upper and bottom sides of the dogbone-shaped sample were distinctly different. Compared with the upper side of dog-bone-shaped samples, many large clusters were found on the bottom side, like from aggregation or agglomeration.
Conclusion
The purpose of this study was to improve the properties of epoxy resin using titanium oxide nanoparticles. Therefore, the effects of the particle weight fraction, dispersion agent, curing agents with different molecular weights and specimen shape on the thermal and mechanical properties of a titanium oxide nanoparticle-reinforced epoxy resin were investigated. In addition, the effect of the particle dispersion situation on the mechanical properties of nanocomposites has been studied. The results were as follows. 1. The T g of nanocomposites decreased with increasing nanoparticle content. Because the nanoparticles interrupted the cross linkage between the epoxy resin and the amine curing agent, the cross-link density of the epoxy became lower, which led to a decrease in the T g of the nanocomposites.
2. The tensile strength and modulus of the filmshaped nanocomposites increased with the nanoparticle content. However, in the case of the dog-bone-shaped nanocomposites, the values were not similar to the trend for the filmshaped nanocomposites. This was probably because of the different dispersion status of the nanoparticles in the epoxy resin resulting from the different dimensions between the film and dog-bone-shaped samples.
3. The dispersion status of the nanoparticles in the film-shaped sample with dispersant was better than the one with no dispersant. In addition, the dispersion degrees of the upper and bottom sides of the film-shaped nanocomposites were slightly different. However, the dispersion situations for the upper and bottom sides in dog-bone-shaped nanocomposites were distinctly different. In other words, large clusters were formed in the dog-bone-shaped nanocomposites much more readily on the bottom side than on the upper side. This is supposed to be the reason for the large scattering of the values in the measured mechanical properties. 
